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INTRODUCTION 
The ferroelectric and piezoelectric properties of barium titanate 
have been extensively studied for capacitor and transducer applications. 
By the addition of impurities the titanate can be made semiconducting with 
an anomalous rise in resistivity at and extending above the Curie point. 
The resistivity rise of two to four orders in magnitude is useful for 
positive temperature coefficient (PTC) resistors. The anomaly is not 
observed in semiconductors formed by atmospheric reduction. 
The reduced semiconductors are subsequently used in preparing barrier 
layer capacitors by partial reoxidation to form a thin insulating barrier 
on the surface. The barrier capacitance is dependent on the ferro­
electric, defect, and physical properties of the titanate as well as on 
the barrier forming method. The capacitance and resistance of the 
barrier are inversely related with both being a function of the applied 
voltage. These high capacitance devices are suitable for applications 
where their low resistance is not limiting. 
The titanate barrier capacitor has been the subject of many patents 
(see for instance 1, 2), however the properties of the barrier, especially 
in the very high capacitance region, have not been extensively investi­
gated. 
This dissertation involves a study concerned with the formation and 
the behavior of barrier capacitors prepared from gadolinium-doped barium 
titanate. The titanate was sintered to a high density, reduced in a 
hydrogen atmosphere, and then partially reoxidized at various tempera­
tures and times. The barrier capacitance was analyzed as a depletion 
layer capacitance using presently available barrier models. 
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REVIEW OF LITERATURE 
Ferroelectric BaTiO^ 
Barium titanate, BaTiO^, is a well known ferroelectric material 
with the ABO3 perovskite structure. The ideal cubic perovskite has 
oxygen ions on the cube faces, a B ion at the center, and A ions at the 
comers of the cube. Above 120°C the titanate is cubic and in turn 
transforms to tetragonal, orthorhombic, and rhombohedral forms as the 
temperature is decreased through -90°C. The noncubic forms are actually 
pseudocubic because of the small structural modifications involved in 
the transformations. Barium titanate is ferroelectric below its Curie 
point of 120°C and paraelectric above analogous to ferromagnetic 
materials. 
The theory of ferroelectricity in the titanates and other materials 
has been reviewed by K^zig (3), McQuarrie (4, 5, 6, 7, 8), Me g aw (9), 
Merz (10), and Trisbwasser (11). Ferroelectricity in barium titanate 
is generally attributed to the spontaneous polarization resulting from. 
the titanium-oxygen interactions in the noncubic structures. The non-
vanishing electric dipole moment allows the ferroelectric titanate to be 
classified as a polar (3) crystal. The polar crystal forms are piezo­
electric with electric charges resulting from mechanical stresses and 
mechanical deformations from electric fields. 
Electric dipoles which are due to charge displacement may be 
induced in materials by an electric field . These dipoles (12) may be 
^The underlining of terms such as E and £ is used to designate vector 
properties. 
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electronic, ionic, orientation, and/or space charge in nature. The 
polarization is defined from a molecular point of view as the 
electric dipole moment per unit volume. With metal electrodes the 
polarization £ of the material is also defined as the surface charge 
density bound to the electrodes by the induced dipoles. Thus, molecular 
and macroscopic properties may be related through the polarization 
vector 2 (12). 
The reversible spontaneous polarization (9) of ferroelectrics such 
as BaTiO^ results in a hysteresis for ^  versus E below the Curie point. 
The shape of the hysteresis loop is affected by the nucleation and growth 
of favorably oriented domains under an applied electric field. These 
domains are regions of homogeneous polarization differing only in their 
direction of polarization. The polarization direction of the individual 
domains lie 90° or 180° to each other with separating domain walls at 
most only a few unit cells thick. 
In dielectrics such as BaO and Ti02 £ is a linear function of £, 
but this is not the case in ferroelectrics. The nonlinearity of the 
ferroelectric titanates below their Curie point results in a field 
dependent relative permittivity In addition EJ. is anisotropic with 
Ej. perpendicular to the polar axis much higher than parallel to the 
polar axis. The low value of EJ. parallel is due to polarization 
saturation in the polar direction. In polycrystalline materials some 
intermediate value between EJ. perpendicular and EJ. parallel is measured. 
The initial permittivity (4) normally reported in the literature is 
measured by a small ac field. The effect of a dc bias field is 
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determined by the incremental permittivity as measured with a small ac 
signal superimposed on the larger do field. 
Ferroelectrics (9) have a high Cj. which rises to a peak at the 
Curie point. With increasing temperatures it decreases according to the 
Curie-Weiss law as given by 
where C is the Curie constant, T the temperature, and 0 the Curie point. 
The Curie-Weiss law is not applicable on the lower temperature side of 
the Curie point. 
The level, as well as the temperature and electric field dependence 
of Ej. is influenced by structure modifications through solid solutions 
(7, 13) and by physical properties such as density [14) and grain size 
(13, 15, 16). The temperature and field dependence of is reduced 
for samples having fine grains of a micron or less as shown for example 
by recent investigations (16, 17). For capacitor applications fine 
grained titanates of high density are preferred to minimize some of 
the undesirable ferroelectric properties. 
The density and grain size are determined by the sintering con­
ditions for a given initial particle size and forming method. Initial 
particle sizes of less than a micron can be prepared by chemical means 
(18, 19, 20) for pure and doped titanates. The grain size has been 
controlled by grain growth inhibitors such as Ta203 (17) and Sra203(21). 
Other investigations have been conducted on the sintering of undoped 
barium titanate (22, 23). 
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Semiconducting BaTiO:^ 
The high resistivity of barium (24, 25, 26, 27) and other titanates 
(27, 28, 29) can be reduced to 1 ohm-m or less by the controlled valency 
method (30, 31, 32) and/or by reduction (30, 32) in a reducing atmos­
phere. The method used will determine the defect structure and conse­
quently the resistance and capacitance properties. 
In the controlled valency method foreign ions of appropriate size 
and higher charge are used to partially replace barium or titanium ions 
in the titanate structure. For example the substitution of large 
trivalent ions such as La for divalent Ba or small pentavalent ions 
such as Nb^^ for tetravalent Ti^^ will decrease the resistivity (25). 
In reducing or inert atmospheres, with or without impurity additions, 
oxygen vacancies will be formed. The excess charge introduced by the 
impurities or the oxygen vacancies may be compensated by trapped 
electrons on titanium ions (25), or by electrons in a narrow conduction 
band (24). In either case (33), a low carrier mobility may be expected. 
From Hall measurements (25, 34, 35) the semiconductor is n-type with an 
electron mobility of about 10"^ or 10"^ m^/volt-sec. 
Controlled valency semiconductors sintered in air (24, 28, 36) 
show a large increase in resistivity at the Curie point and extending to 
higher temperatures. This anomoly is known in the titanates as the 
positive temperature coefficient (PTC) effect. The resistance level 
and the PTC properties are determined by the oxygen partial pressure 
in sintering and cooling (37, 38, 39). The doping level and dopant are 
important, but for a first approximation the effective dopants can be 
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considered equivalent. The narrow effective doping level [37, 39) is 
affected by the sintering and cooling conditions. 
The PTC materials have in common highly conducting grains enclosed 
by higher resistivity grain boundaries (28, 36) due to nonequilibriura 
oxidation in cooling (24). The grain boundaries of polycrystalline 
n-type semiconductors (40) may have a higher resistivity due to electron 
trapping by physically or chemically absorbed oxygen. The higher 
resistivity of the grain boundaries in PTC titanates has been demon­
strated by a decoration technique (28) at 170°C using Ti02 particles 
suspended in silicone oil. Under an applied electric field the particles 
accumulated at the grain boundaries where the potential drop was 
predominantly located. The PTC effect however is not necessarily 
confined to polycrystalline materials as it has also been observed on 
single crystals (37, 41) having a surface type barrier. 
The intergranular barriers of controlled valency semiconductors 
show a large anomolous capacitance. The capacitance and resistance 
(1, 25, 28, 37) of these barriers have been studied as a function of 
frequency. The dispersion of capacitance and resistance may be explained 
by the Maxwell-Wagner interfacial polarization model which assumes a 
lossy dielectric layer in series with another layer of higher resistivity 
and the same or different permittivity. 
The surface barriers of commercial capacitors may be similar to 
Heywang's (36) intergranular barriers. For the PTC titanates Heywang 
(36) assumes a depletion region resulting from the trapping of electrons 
at acceptor surface states located at the grain boundaries. The 
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resistivity (36) was experimentally found to be a mirror image of the 
high field relative permittivity with increasing temperature. The 
resistivity can be related to the permittivity through the surface 
potential or barrier height using the relationship 
qiMw^ 
Vj = — (2) 
where q is the electronic charge, N the donor density in the conduction 
band,, w the barrier width, and e the permittivity of the titanate. The 
permittivity e is the product of the relative permittivity e^. of the 
titanate and the permittivity of free space EQ. 
The resistivity p (36) can be written as 
qV,] 
P = exp (pp- ) (5) 
where k is the Boltzraann constant and the other terms as defined 
previously. By substituting equation 2 into 3 and using E^eo ii^stead 
of e the resistivity may be expressed as 
q^Nw^ 
Equation 4 explains the behavior of resistivity with increasing tempera­
ture using the high field relative permittivity. The high field 
permittivity is level below the Curie point and decreases above according 
to the Curie-Weiss law. 
The reoxidation of the controlled valency material is essentially 
limited to the grain boundaries, but the reduced titanates have a high 
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concentration of oxygen vacancies permitting reoxidation of the complete 
sample (24). Thus reduced titanates with low porosity (1, 42) are 
desirable for capacitor applications where controllable surface type 
barriers may be formed. 
Barrier Layer Capacitors 
Semiconducting titania (1) and titanates (1, 2, 42, 43) have been 
used for barrier layer capacitors. These materials (1) are attractive 
because of their high and their ability to form semiconductors or 
insulators depending on the heat treating atmosphere. The reduction 
(2) and the reoxidation (1, 39) of chemically reduced undoped barium 
titanate has been studied. Chemically reduced titanates doped with 
cerium (2) and lanthanum (42) have been investigated in greater detail 
for capacitor use. The rare earths were added to aid the reduction 
process. The dopant level of barrier capacitors is generally higher than 
that of PTC resistors in order to allow the formation of a high resis­
tivity layer by the reoxidation of the reduced titanate. 
However, barrier formation is not limited to reoxidation techniques 
as ferric ions (1) have been used to form barriers on chemically reduced 
titania. The barrier resistance may be attributed to the compensation 
of oxygen vacancies by ferric ions locating on titanium sites. Iron 
additions in barium titanate (32, 44) also result in increased resis­
tivity and thus should be suitable for barrier formation in the titan­
ates. Barrier capacitors (2) have also been formed on reduced titanates 
without reoxidation by the action of a flux contained in silver 
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electrodes along with bismuth oxide or lead borosilicate. According to 
the authors (2) the titanate is superficially blocked with a resulting 
high capacitance and low resistance. 
The electrode is very important as it may modify or even dominate 
the resistivity and/or capacitance measurements. Two terminal resis­
tivities of semiconducting titanates (27, 45) with various electrodes 
were generally much higher than that determined by 4-probe measurements. 
Ohmic contacts were formed with rubbed-on indium-mercury or indium-
gallium, but nonohmic or rectifying contacts were formed with evaporated 
indium metal (45), The dispersion of resistance and permittivity of a 
chemically reduced titanate with evaporated indium electrodes has been 
shown (46). Rectifying effects (2, 25, 35, 47) have been observed for 
fired silver electrodes normally used for capacitor applications. In 
general the fired electrodes reported in the literature may contain 
metal, oxides, and glass in varying amounts. Silver and other metals 
(42) which were evaporated or sputtered were found to be suitable for 
capacitor applications. Other investigators have reported that 
evaporated silver did (41, 48) and did not (35) show rectification and 
capacitance. 
In firing on the silver electrodes, oxygen (43) diffuses through 
the electrodes to convert the layer of titanate underneath to a high 
resistivity region. The effect of time and temperature (2, 42) on 
capacitance and resistance has been investigated. In general high 
temperatures and/or long times yield lower capacitance and higher 
resistance than low temperatures and/or short times. The role of 
10 
diffusion in forming the barriers has not been studied directly but has 
been discussed (42) with the ideal barrier layer being formed when bulk 
and grain boundary diffusion are about equal. A dense titanate would 
tend to control the diffusion process by minimizing the reaction inter­
face. 
The mechanism for the barrier capacitance is complex and depends 
on the method of forming the barrier as well as on the barrier thickness. 
For capacitances (42) higher than about 0.005 F/m^ the mechanism is 
complex, but for capacitances less than about 0.0015 F/m^ the complex 
behavior reduces to that of a normal dielectric of thin dimensions. The 
actual barrier may involve a metal-semiconductor contact with an 
insulating layer of variable thickness depending on the reoxidation 
conditions. 
The capacitance of barrier capacitors prepared from ferroelectric 
titanates show a field dependence. The capacitors investigated by-
Hill and Stirling (43) showed increasing field dependence with increasing 
initial capacitance. The decrease with dc bias could be due to a 
degradation of as discussed previously and/or to an increase in 
barrier width if the capacitance is due to a depletion region similar to 
that discussed in Heywang's (36) barrier model. 
Barrier Capacitance Models 
The high capacitance of the semiconducting titanates having thin 
surface barriers on the order of a few microns may be analyzed as a 
depletion layer capacitance. The presently acceptable barrier models 
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are derived on the basis of an ideal semiconductor having a smooth 
surface free of voids, irregularities, and other complications. However, 
as shown for the case of dense polycrystalline titania (49) these 
restrictions should not prohibit using the available models for dense 
polycrystalline barium titanate. 
The contact (50, 51) of an n-type semiconductor to a metal of higher 
thermionic work function will produce a barrier having capacitance and 
rectification effects. The surface of the semiconductor in the absence 
of surface states is assumed to be ideal and free of contamination. The 
Fermi levels of both materials will coincide with a resultant contact 
potential being established. This potential is also known as the 
diffusion potential Vj or barrier height. It is essentially confined to 
the semiconductor because of the much lower conductivity than that of 
the metal. The potential establishes a depletion region in the semi­
conductor free of electrons and a thin layer of excess electrons on the 
metal adjacent to the physical contact. 
The positive depletion region is composed of fixed ionized donors 
having a width dependent on the donor density and potential across the 
barrier. The barrier width can be changed by varying the potential 
through an external bias. The thin negatively charged layer in the metal 
and the much wider positively charged region in the semiconductor consti­
tute a space charge region with a capacitance inversely proportional to 
its widths The barrier height and donor concentration or donor gradient 
depending on the barrier model may be determined by measuring the 
capacitance as a function of the bias voltage. 
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Barrier capacitance models have been developed for metal-
semiconductor contacts with or without an intermediate insulating layer 
and for p-n junctions in semiconductors. The well known Schottky model 
(50, 51) involves a metal-semiconductor contact with a uniform doping 
level in the depletion region of the semiconductor. The depletion region 
is bounded by the metal-semiconductor interface and extends into the 
semiconductor. The Bethe model as reviewed elsewhere (49, 52) is 
essentially that of Schottky except for an insulating layer between the 
metal and the depletion region in the semiconductor. The insulating 
layer is assumed to be free of carriers with a linear potential drop 
occurring across the layer. The compound model of Billig and Landsberg 
(52) has an insulating layer similar to Bethe*s model and two successive 
layers of different donor densities. Their compound model is more 
general than either that of Schottky or Bethe and has been successful 
in explaining the large apparent diffusion potentials obtained from 
capacitance versus voltage plots on titania (53) rectifiers and on 
titanate (48) barrier capacitors. 
Shockley's (54, 55, 56) p-n junction capacitance model which was 
derived for a gradual change in carrier concentration across the space 
charge region of a p-n junction has been used for a metal-semiconductor 
contact (49) where the donor level varies linearly from 0 at the 
interface to N in the bulk of the semiconductor. The capacitance for 
the case where the depletion region terminates within the graded zone as 
well as beyond the zone in the semiconductor has been considered. The 
linear graded model is probably most applicable for barriers formed by 
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diffusion (55, 57). However, this was not found for Ti02 barriers 
formed by oxidation of thin titanium metal films (53). 
The capacitance-voltage relationship for a metal-semiconductor 
contact with a linear graded donor density in the semiconductor can be 
derived for later use. The depletion region is assumed to be confined 
within the graded region where the donor density varies from 0 at the 
interface to N in the semiconductor as discussed by English and Gossick 
(49). 
The variation of barrier capacitance with applied voltage can be 
determined from Poisson's equation for a one-dimensional case 
ê -  • !  
where V is the electrostatic potential, x the distance from the metal-
semiconductor interface, p the charge density in the depletion region 
which may be a function of x, and e the permittivity of the titanate 
which is assumed to be field independent. Kahng and Wemple (58) have 
treated the case of a field dependent e as found in ferroelectrics. 
However, for a first approximation, the permittivity of the titanate is 
assumed to be field independent. The validity of this assumption will 
be discussed later. The space charge region will essentially lie in 
the semiconductor extending from x = 0 at the interface to x = x in the 
semiconductor. The charge density in the depletion region is given by 
P = qa^x (6) 
where the donor gradient a^. is the slope of N versus x. 
By substituting Equation 6 into 5 the Poisson equation can be written 
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as 
d^V 
(7) dj? 
e 
This can be integrated twice with the constants of integration 
evaluated by the boundary conditions 
V = 0 at X = 0 
dV/dx = 0 at X = w 
where w is the barrier width and is the diffusion potential or barrier 
height as defined by the energy difference of the bottom of the conduc­
tion band in the semiconductor and its value at the interface. 
The potential of the barrier is now given by 
where is the bias voltage considered negative for reverse bias and 
positive for forward bias. For reverse bias the semiconductor is 
positive with respect to the metal and for forward bias the metal is 
positive with respect to the semiconductor. 
Since the capacitance C of the barrier per unit area can be related 
to the barrier width w by 
V = V .at X = w 
a 
(8) 
3 
(9) 
C = — (10) 
w 
Equation 9 can be rewritten as 
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1 3(Vd - Vb) 
73 - q a, (H) 
for the graded model as shown by Moll (56). 
The well known Schottky barrier capacitance (50) is given by 
1 2(Vd _ Vb) 
,2  qNe 
(12)  
as derived for a uniform donor density having an abrupt depletion edge. 
A linear C"^ or C"^ versus Vy plot will permit a determination of 
the donor gradient or the donor density at the edge of the depletion 
region as well as the barrier height. 
With reverse bias the depletion capacitance will decrease due to a 
widening of the region as a result of the higher potential (V^ j - V|j). 
A linear C"^ plot will allow determination of the donor gradient a^ by 
equating the slope with 
^ ^ (13, 
as obtained by differentiating Equation 11 with respect to Vjj. On the 
the other hand a linear C~^ plot will allow the donor density N to be 
determined from 
^ - -à 
which is obtained from Equation 12. 
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The barrier height can be found from the forward intercept of 
or C"^ by extrapolation into the forward bias region where the capaci­
tance becomes very large primarily due to increased current flow resulting 
from the lowering of the barrier potential. 
Application of Barrier Models 
The barrier capacitance of titania rectifiers (49, 53, 59), 
titanate capacitors (35, 48), and single crystal BaTiO] (41) has been 
analyzed or examined with the models described in the previous section. 
Magi11 (53) investigated Ti02 diodes which were prepared by the 
steam oxidation of evaporated titanium on ceramic substrates. Evaporated 
gold was used for the counterelectrode or rectifying contact of the 
diodes. The compound model of Billig and Landsberg was used in analyzing 
the linear C"^ versus Vy relationship. The barrier was found to be an 
insulating layer of Ti02 followed by a space charge region whose width 
depended on that of the insulating layer. 
Rutile rectifiers prepared by Morrison £t al. (60) by the chemical 
deposition of insulating Ti02 on semiconducting titania substrates were 
analyzed by English and Gossick (49) after firing on blocking gold 
electrodes. The use of the Schottky, Bethe, and Shockley models was 
discussed for the observed nonlinear C"^, V5 relationship. 
Peet and Middleton (59) investigated reduced Ti02 rectifiers having 
evaporated copper counterelectrodes. The barrier height was found to 
be dependent on the work function of the counterelectrode. The capaci­
tance behavior was similar to that of English and Gossick (49) except 
for a much lower breakdown voltage. 
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The barrier capacitance (41) of BaTiO% in the form of a semiconduct­
ing single crystal was measured at 26°, 112°, and il8°C as a function 
of . Evaporated silver and rubbed In-Ga were used for blocking and 
ohmic contacts respectively. The linear C"^ versus plots for the 
three temperatures suggested a Schottky-type barrier (41) although not 
actually analyzed in detail. 
The compound modal of Billig and Landsberg was applied by Herczog 
(48) in his analysis of BaTiOg crystallized from a glass having minor 
additions. 
Ikushima and Hayakawa (35) investigated the barrier capacitance of 
Ag-doped BaTiOg with fired silver electrodes. Schottky-type behavior 
was observed but the number of carriers N calculated from capacitance 
and resistivity did not agree. Evaporated silver electrodes applied 
before or after reoxidation under conditions similar to that of the fired 
silver electrodes did not show rectification. They concluded a p-type 
silver compound was formed between the fired silver electrode and the 
surface of the n-type semiconductor which played an important role in the 
rectification and capacitance properties. 
The application of barrier capacitance models to the titanates has 
met some success, however with the exception of Herczog's (48) investiga­
tion there does not seem to be any analysis in depth. The work reported 
herein analyzes the depletion capacitance in sufficient depth to relate 
the barrier forming method with the barrier capacitance of 0.010 
Gd-doped barium titanates. 
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ELECTRICAL MEASUREMENTS 
Resistance and Resistivity 
The resistance of the titanates was measured either by the volt-
ammeter method at a constant current of 1 milliampere or directly by a 
Keithley model 610B electrometer. The volt-ammeter method was limited 
to 10^ ohms or less. The electrometer was capable of measuring 10^ to 
10^^ ohms full scale with an accuracy better than 5%. However, the 
electrometer is a constant current instrument with the current flowing 
across the sample primarily determined by the ohms setting on the 
electrometer. For measuring the voltage sensitive barrier resistance a 
constant voltage or constant current is usually used. The constant 
current method was selected because it conveniently allowed measuring 
resistances from 10^ ohms to less than 1 ohm without excessive I^R heating. 
For the volt-ammeter method the samples were measured with the 
circuit shown in Figure 1 using the holder shown in Figure 2. The 
sample was placed between the electrodes with a 200-gram weight on the 
upper electrode to ensure good electrical contact. For resistance 
measurements, the 716C capacitance bridge was disconnected from the 
circuit. The voltage supplied by the Hewlett-Packard 710A dc power 
supply was adjusted to allow 1 milliampere of current to flow through 
the Weston model 301 ammeter connected in series with the sample. The 
potential drop across the sample was measured with the electrometer 
or with a Hewlett-Packard 410B vacuum tube voltmeter. The resistance 
was calculated with Ohms law as V/I. The holder shown in Figure 2 was 
Figure 1. Electrical circuit used to measure resistance and capacitance of 
gadolinium-doped barium titanates 
100 h 
MÏÏ^TM/WWV 
22 K A 
wwy 
lOOKA 
General 
Radio 
716-C 
Capacitance 
Bridge 
Hewlett 
Packard 
7I0A 
Power 
Supply 
2 1  
Figure 2. Sample test holder used in measuring resistance and 
capacitance with a sample in position and a 200 gram 
weight on the upper electrode 
2 2  
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also used for determining the resistance directly with the electrometer. 
The resistivity was calculated from the resistance with the well 
known formula 
RA 
p = — (15)  
where p is the resistivity in ohm-meters, R the resistance in ohms, A the 
electrode area in meter^, and L the thickness of the sample in meters. 
Capacitance and Dissipation 
The capacitance and dissipation factor or loss tangent, tan 6, of 
the samples were measured direct with a General Radio 716C capacitance 
bridge. This is a Schering type bridge capable of reading capacitance 
direct from 30 hz to 300 khz and tan 6 at four specific frequencies. 
A General Radio 1210C unit R-C oscillator powered by a General Radio 
1203B power supply was used for generating the bridge signal. A General 
Radio 1232A tuned amplifier and null detector was used for detecting 
the balance points on the 716C bridge. The error in reading capacitance 
and dissipation can be held to less than 1 and 2% respectively as outlined 
in the 716C operating manual. Due to the high capacitance of the 
titanates no lead or other capacitance corrections were applied in 
this investigation. For all capacitance and tan 6 measurements errors 
were less than 3%. The titanates were measured at a low voltage to 
minimize the effects of voltage on the titanate properties. 
The electroded sample was placed in the holder shown in Figure 2 
and the voltage output of the 1210C oscillator adjusted until the applied 
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voltage across the sample was less than 0,02 volts rras. The rms ac 
voltage was measured with the Hewlett-Packard 410B vacuum tube voltmeter. 
The capacitance and the dissipation readings on the bridge were adjusted 
until the bridge was balanced. The capacitance was read direct in 
raicromicrofarads and the dissipation factor or tan 6 in per cent. 
The relative permittivity was calculated from the measured 
capacitance C by the standard formula taking in consideration the 
geometrical capacitance 
CL 
where L is the thickness in meters, the permittivity of free space in 
farad/meter, A the electrode area in meter^, and C the measured capaci­
tance in farads. 
Barrier Capacitance-Voltage 
The capacitance-voltage relationship of the titanate barriers was 
determined with the circuit shown in Figure 1 using the stand shown in 
Figure 2. The circuit which is similar to that of Kahng (61) is 
essentially designed for the application of dc potentials to the sample 
Cjj while measuring the ac incremental capacitance with the General Radio 
716C bridge as described previously. Although not shown in Figure 1 
the General Radio 1210C oscillator and 1232A null detector were used 
with the 716C bridge. The dc and rms ac potentials applied to the sample 
were measured with the Hewlett-Packard 410B vacuum tube voltmeter. 
The blocking standard capacitor Cg blocked dc current into the bridge 
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while allowing ac current through the sample to measure the incremental 
capacitance. Due to impedance considerations the ac signal was confined 
to the branch of the circuit containing the sample 0%. 
With a titanate having an ohmic and a rectifying contact in the 
circuit a dc potential was placed across it while the incremental ac 
capacitance was measured. Upon application of a reverse bias with the 
semiconductor positive the capacitance decreased rapidly at first 
followed by a slow drift with over 90% of the capacitance change occurring 
within the first two minutes. No change in capacitance with time was 
observed for the forward direction with the rectifying contact positive. 
In making the measurements three minutes were allotted after applying 
or changing the dc potential before reading the capacitance. 
The bias capacitance of the sample was determined from the 
measured capacitance and the capacitance Cg of the standard capacitor 
from 
which can be derived from and Cg in series. 
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EXPERIMENTAL PROCEDURE 
Preparation of Titanate Samples 
The titanate samples were prepared from barium titanate, BaTiO^, 
purchased from the Titanium Division of the National Lead Company and 
a gadolinium chloride, GdCl^, solution supplied by the Ames Laboratory 
of the Atomic Energy Commission, Ames, Iowa. The barium titanate was 
a fine white free flowing powder. The supplier's spectrographic analysis 
of the barium titanate is given in Table 1. Terbium and europium at a 
concentration less than 0.01 per cent were the main impurities in the 
gadolinium. 
Table 1. Spectrographic analysis of barium titanate 
Impurity Weight % Impurity Weight % 
Si02 0.01 Cu 0.0002 
^62^3 < 0.001 Pb < 0.0005 
AI2O3 0.0005 Mn < 0.00005 
Sb203 < 0.01 N1 < 0.0003 
Sn02 < 0.0005 V 0.0003 
Mg < 0.0005 Cr < 0.0001 
The titanates were prepared with 0.000, 0.001, 0.002, 0.004, 0.006, 
0.008, 0.010, 0.030, and 0.060 gadolinium additions. The gadolinium 
was introduced into the titanate by precipitating gadolinium oxalate 
in a BaTiOg slurry similar to the method used by Gallagher et al. (19). 
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The slurry was prepared by mixing 10 grams of BaTiO^ in 100 ml of 
distilled water having the appropriate amount of the 0.010 molar GdCl^ 
solution. While stirring the slurry vigorously an excess amount of a 
1.47 molar oxalic acid solution was added drop by drop to precipitate 
the gadolinium oxalate. The slurry was then filtered using a water 
aspirator and a Biichner funnel. The filtered powder was air dried 
overnight followed by an oven dry for 2 hours at 110°C. 
The dried powder was slightly dampened with water prior to pressing 
at 20,000 psi in a hardened steel die assembly. One-half gram samples 
of powder were used in pressing one-half inch diameter pellets. The die 
and plungers were wiped clean with a dry cloth after pressing each 
pellet to minimize contamination. In addition the edge of the pressed 
pellets was lightly wiped with a cloth to remove some of the contamina­
tion resulting from abrasion of the die. 
The pellets were placed flat on zirconia-calcium titanate firing 
plates and air fired in a silicon carbide resistor furnace at 1370°, 1410°, 
1450°, and 1480°C for one hour and also at 1410°C for four hours. Two 
pellets were fired at each of the firing schedules. The furnace was 
controlled to within i 10°C with an on-off controller using a Pt-PtRh^o 
thermocouple located in the heating chamber. The average heating rate 
was approximately 450°C per hour and the cooling rate was determined by 
the natural cycle of the furnace. 
The fired pellets were wet ground on a Buehler metallurgical 
apparatus with 600 grit silicon carbide abrasive paper. The polished 
titanates were oven dried for two hours prior to making any measure­
ments. The bulk density and apparent porosity of the samples were 
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determined by the water displacement method. The resistivity of the 
samples was measured with ohraic contacts prepared by rubbing on indium 
metal dipped in mercury. The electrode area was defined by using a 10 
mil brass template with a 0.25 x 10-4 meter2 hole. The thickness of the 
sample was measured with a micrometer. 
For capacitor applications 30 samples were made from each of the 
0,000, 0.002, 0.010, 0.030, and 0.060 gadolinium doping levels. The 
0.000 and 0.002 samples were fired at 1410°C for one hour and the remain­
ing samples at 1480°C for one hour to optimize the densities. The Curie 
points of these titanates except for the 0.002 titanates were determined 
by measuring the capacitance as a function of temperature^. The Curie 
point was defined as the temperature where the peak capacitance occurred. 
These selected titanates were then used in studying barrier capaci­
tors made from the gadolinium-doped titanates. 
Reduction of Selected Titanates 
The air fired samples having 0.000, 0.002, 0.010, 0.030, and 0.060 
gadolinium additions were reduced at 925°C or at 1125°C using dry 
hydrogen. Approximately 15 samples of each doping level were reduced at 
each temperature. Prior to reducing the titanates, the air fired surface 
was removed by grinding as discussed previously. 
The 925°C firing was done in a 1-1/4 inch closed end fused quartz 
tube situated in a larger fused quartz tube having nichrome wire heating 
^Kindly measured by Centralab, Division of Globe Union, Inc., 
Milwaukee, Wisconsin. 
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windings. Power was supplied by a Superior powerstat having a current 
rating of 7-1/2 amperes. The furnace was controlled to within t 10°C 
with an on-off controller using a Pt-PtRh^Q thermocouple located between 
the two quartz tubes. The temperature of the samples in the inner 
quartz tube with helium flowing was calibrated against the control 
thermocouple. The samples were loaded on edge in zirconia-calcium 
titanate firing plates to permit gas circulation around the parts. 
The boats were placed in the furnace and the end closed leaving only an 
exhaust opening suitable for burning off the exhaust hydrogen. The 
samples were heated in air to the desired temperature in 15 minutes. At 
temperature the tube was first flushed with helium and then hydrogen 
introduced. After igniting the helium-hydrogen mixture the helium flow 
was discontinued. Hydrogen was used in cooling to below 500°C where the 
atmosphere was then switched to helium before removal at about 200*C. 
The reduction at 1125°C was conducted in a hemispherical-ended 
sillimanite tube situated in a furnace using Kanthal^ heating elements. 
The open end of the sillimanite tube was sealed with a rubber stopper 
to control the atmosphere. The firing procedure was essentially the 
same as the 925°C reduction except for slower heating and cooling rates. 
The firing schedules used for reducing the selected titanates are 
summarized in Table 2. 
^The Kanthal Corporation, Stamford, Connecticut. 
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Table 2. Firing schedules for reducing selected titanates in a 
hydrogen atmosphere 
Reduction 
Gadolinium addition Temperature Time 
(mole Gd/mole BaTiO^) (°C) (hours) 
0.000 925 4 
0.000 1125 4 
0.002 925 2 
0.002 1125 4 
0.010 925 2 
0.010 1125 4 
0.030 925 2 
0.030 1125 4 
0.060 925 2 
0.060 1125 4 
After reduction the samples were ground as described previously to 
remove the firing skin. The resistance of the reduced samples using 
indium-mercury electrodes was determined prior to reoxidation. 
Reoxidation of Reduced Titanates 
The reoxidation of the reduced titanates was carried out in an air 
atmosphere using a Stone model TG-CA thermal gradient furnace. The 
undoped titanates were reoxidized for 3, 9, and 27 minutes at 900°, 
800°, and 700°C, The gadolinium-doped titanates were reoxidized at 
950°, 850°, and 750°C for 3, 9, and 27 minutes. The reoxidation 
temperatures and times were selected from preliminary runs on the 
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titanate materials. 
The thermal gradient of the furnace was determined with a tempera­
ture of 1025°C in the center. At the locations required for either the 
900°, 800°, and 700°C or the 950°, 850°, and 750°C firing temperature, 
zirconia-calcium titanate firing plates were grooved for sample place­
ment. The samples were seated on edge in the grooves of the firing plates 
and slowly introduced into the furnace at temperature. After the 
designated reoxidation time the samples were removed by slowing with­
drawing the firing boats. 
Silver electrodes of 0.25 x 10"^ m^ in area were evaporated at 
better than 1 micron vacuum onto both sides of the titanates using 10 mil 
brass templates to define the electrode area. The capacitance, tan 6, 
and dc resistance of the reoxidized samples were measured. The dc 
resistance was measured by the volt-ammeter method at 1 ma current and 
also direct with the electrometer. 
The 0.010 samples reduced at 1125°C and reoxidized for 3 and 9 
minutes were examined in detail for barrier characteristics. After 
measuring the capacitance with both silver contacts one electroded barrier 
was ground off and replaced with an ohmic indium-mercury contact. The 
grinding and recontacting procedure was repeated two or three times 
until the capacitance was within 20 per cent of twice the original 
capacitance or until no significant change in capacitance was noted. 
With both silver contacts the two surface barriers acted as two capaci­
tors in series with little contribution from the semiconductor bulk. 
The forward and reverse bias capacitance was determined for the 
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0.010 samples using an ac signal less than 0.02 rras volts. The C"^ and 
C"^ values were plotted against to determine the number of donors N 
and the donor gradient respectively. The donor density and gradient 
were both examined with respect to the reoxidation conditions. 
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RESULTS AND DISCUSSION ON BARRIER CAPACITORS 
Properties of Sintered Titanates 
The physical and electrical properties of the sintered titanates 
were dependent on the gadolinum addition and sintering conditions as 
shown in Table 3 and Figures 3, 4, 5, and 6. Gadolinium retarded the 
sintering rate at the lower temperatures but additions greater than 0.004 
appeared to improve sintering at higher temperatures. The grain size of 
an 0.010 doped titanate sintered at 1480°C for one hour was between 5 
and 10 microns while that of an undoped titanate sintered at 1410°C for 
one hour was greater than 50 microns. The grain size was optically 
determined on polished samples etched for five minutes at 135°C in 
concentrated phosphoric acid. 
The gadolinium appears to inhibit grain growth in a manner similar 
to samarium (21) and tantalum (17) oxides by permitting removal of 
pores prior to secondary recrystallization where large grains grow 
in a fine grained matrix. 
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Table 3. Physical and electrical properties of gadolinium-doped 
barium titanates sintered at various temperatures and times* 
Gadolinium 
addition Sintering Sintering Bulk Apparent 
(mole Gd/ temperature time density porosity Resistivity 
mole BaTiO^) (°C) (hours) (grain/cm^) (%) (olini-m) 
0.000 1370 1 5.58 4.7 1.0 X 10^ 
0.000 1410 1 5.77 4.3 1.1 X 10^ 
0.000 1410 4 5.86 2.2 2.1 X 10^ 
0.000 1450 1 5.87 3.4 1.2 X 109 
0.000 1480 1 5.67 9.7 -
0.001 1370 1 5.59 11.4 1.8 X 10^ 
0.001 1410 1 5.72 8.0 1.7 X 102 
0.001 1410 4 5.80 7.4 1.5 X 10^ 
0.001 1450 1 5.79 5.1 3.4 X 10^ 
0.001 1480 1 5.77 8.5 9.9 X 10^ 
0.002 1370 1 5.52 12.8 1.3 
0.002 1410 1 5.81 7.6 6.6 X 10-1 
0.002 1410 4 5.84 7.8 3.2 X 10^ 
0.002 1450 1 5.68 8.4 9.5 X 10-1 
0.002 1480 1 5.70 8.1 1.1 X lol 
^Bach entry represents average of two samples, 
^indium-mercury electrodes rubbed on polished sample 
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Table 3. (Continued) 
Gadolinium 
addition Sintering Sintering Bulk Apparent 
(mole Gd/ temperature time density porosity Resistivity^ 
mole BaTiOs) (°C) (hours) (gram/cm3) (%) (ohm-m) 
0.004 1370 1 5.40 9.0 6.3 X 10" 
0.004 1410 1 5.61 9.1 1.0 
0.004 1410 4 5.59 7.6 2.9 
0.004 1450 1 5.64 9.1 6.6 X 10-
0.004 1480 1 5.61 7.8 1.7 
0.006 1370 1 - - 5.3 X lol 
0.006 1410 1 - - 6.3 X 10^ 
0.006 1410 - - 2.5 X 102 
0.006 1450 1 - - 8.4 X lol 
0.006 1480 1 - - 1.0 X 10^ 
0.008 1370 1 5.49 3.2 1.6 X 10^ 
0.008 1410 1 5.46 6.2 1.8 X 10^ 
0.008 1410 4 5.73 0.8 1.3 X 10^ 
0.008 1450 1 5.74 0.0 1.8 X 10^ 
0.008 1480 1 5.69 0,6 2.2 X loG 
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Table 3. (Continued) 
Gadolinium 
addition Sintering Sintering Bulk Apparent 
(mole Gd/ temperature time density porosity Resistivity 
mole BaTiOg) (°C) (hours) (gram/cm^) (%) (olim-m) 
0.010 1370 1 
0.010 1410 1 
0,010 1410 4 
0.010 1450 1 
0.010 1480 1 
0.030 1370 1 
0.030 1410 1 
0.030 1410 4 
0.030 1450 1 
0.030 1480 1 
0.060 1370 1 
0.060 1410 1 
0.060 1410 4 
0.060 1450 1 
0.060 1480 1 
5.03 14.2 1.3 X 109 
5.33 7.8 1.6 X 10^ 
5.48 5.5 1.6 X 109 
5.33 7.6 1.0 X 10^ 
5.51 1.8 1.8 X 10^ 
4.03 29.6 1.0 X 109 
4.62 20.7 2.4 x 10^ 
5.00 12.4 1.4 X 109 
4.78 18.6 3.9 x 10^ 
5.55 1.3 2.0 X 109 
3.77 32.1 1.5 X 109 
4.73 18.4 2.0 X 10^ 
5.31 8.1 1.8 X 109 
5.07 12.8 2.2 X 10^ 
5.47 1.8 2.5 X 10^ 
Figure 3. The bulk density versus gadolinium addition in barium 
titanate sintered in air for one hour at 1410° and 1480°C 
Figure 4. The apparent porosity versus 
titanate sintered in air for 
gadolinium addition in barium 
one hour at 1410° and 1480°C 
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Figure 5. Resistivity versus gadolinium addition in barium titanate 
sintered in air at 1410°C for one hour 
Figure 6. Resistivity versus gadolinium addition in barium titanate 
sintered in air at 14S0°C for one hour 
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The Curie point and relative permittivity of the 0.000, 0.010, 
0.030, and 0.060 titanates are given in Table 4. 
Table 4. Curie point and relative permittivity of gadolinium-doped 
barium titanate 
Gadolinium addition 
(mole Gd/mole BaTiOg) 
Relative 
25° 
permittivity 
Peak 
Curie point 
°c" 
0.000 2100 10,900 130 
0.010 3590 9,900 115 
0.030 2700 7,400 110 
0.060 2200 7,800 105 
The Curie point decreased with increasing gadolinium similar to the 
observation of Ueda and Ikegami (39) for additions in the range of 
0.000 to 0.010. 
The resistivity of the sintered titanates were strongly dependent 
on the gadolinium addition and only slightly dependent on the sintering 
conditions as shown in Figures 5 and 6. The narrow minimum around 
0,002 to 0.004 gadolinium is similar to the gadolinium-doped titanates 
investigated by Ueda and Ikegami (39) and Tennery and Cook (26). For 
doping levels greater than 0.008 the resistivity was about the same as 
undoped titanates. The resistivities of the titanates with less than 
0.010 gadolinium generally increased with increasing sintering tempera­
tures and/or times. 
The undoped and the doped titanates with greater than 0.008 
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gadolinium were yellowish-white. The semiconducting titanates with the 
lowest resistivities were dark gray-blue. The titanates with inter­
mediate resistivities were lighter gray-blue. The apparent uniformity 
of the colors within the fired pieces indicates a good distribution of 
the small gadolinium additions. 
Resistivity of Reduced Titanates 
The resistivity of the titanates reduced at 925 and 1125°C in dry 
hydrogen is shown in Table 5 and Figures 7 and 8. 
Table 5o Resistivity of gadolinium-doped barium titanates reduced in 
hydrogen 
Gadolinium 
addition 
(mole Gd/mole 
BaTiOs) 
Air firing Reduction 
Temperature Time 
(°C) (hour) 
Temperature Time 
(°C) (hour) 
Resistivity 
(ohm-m) 
0.000 1410 925 4 8.3 X 10-2 
0.000 1410 1125 4 7.3 X 10-2 
0.002 1410 925 2 1.8 X 10-1 
0.002 1410 1125 4 9.6 X 10-2 
0.010 1480 925 2 8.4 X O
 1 N)
 
0.010 1480 1125 4 4.9 X 10-2 
0.030 1480 925 2 00
 
0.030 1480 1125 4 1.7 X 10-1 
0.060 1480 925 2 3.1 
0.060 1480 1125 4 6.1 X 10-1 
Figure 7. Resistivity of gadolinium-doped barium titanates reduced in 
hydrogen at 925°C versus gadolinium addition 
Figure 8. Resistivity of gadolinium-doped barium titanates reduced in 
hydrogen at 1125°C versus gadolinium addition 
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The resistivities of the 0.000, 0.002, and 0.010 titanates were 
similar for both reducing temperatures. The resistivities of the 0.030 
and 0.060 samples were much lower for the higher reducing temperature 
involving a longer time. The increased conductivity may be associated 
with an increased oxygen vacancy concentration due to the higher 
reduction temperature. 
The reduced titanates having 0.000, 0.002 and 0.010 gadolinium 
were dark blue while the 0.030 and 0.060 titanates were a lighter shade 
of blue. 
Barrier Layer Capacitors 
The capacitance and resistance of the partially reoxidized titanates 
were dependent on the reoxidation conditions as shown in Table 6, The 
capacitance decreased and the resistance increased for higher reoxidation 
temperatures and/or longer times. This dependence may be explained by 
a simple barrier model whose thickness increases with higher reoxidation 
temperatures and/or longer times. The barrier is formed by oxygen 
diffusing into the titanate and trapping electrons when occupying the 
available oxygen vacancies. With increasing barrier thickness the 
capacitance would decrease and the resistance increase. 
The capacitance of the titanates reduced at 1125°C was higher than 
those reduced at 925°C. The reoxidation conditions were least critical 
for the 0.010 gadolinium-doped titanates and most critical for the 
undoped titanates. 
Table 6. Capacitance, resistance, and tan 6 of reoxidized gadolinium-doped barium titanates^ 
Gadolinium Reduction Reoxidation ^ 
addition Tempera- Tempera- ~ C x 10^ 
(mole Gd/ ture Time ture Time R^ R Tan 6 
mole BaTiO^) C°C) (hours) (°C) (min.) (f/m^) (olims) (olims) (%) 
0.0 925 4 800 3 0.0045 - 4.7 X 10° 1.56 
0.0 ' 925 4 700 3 0.0075 4.6 X 104 5.0 X 10^ CO o
 
o
 
0.0 925 4 600 3 0.0940 2,3 X 10^ 2.0 X lo"^ 14.40 
0.0 925 4 800 9 0.0040 - 2.0 X 10^ 0.24 
0.0 925 4 700 9 0.0025 
- 1.2 X 10^ 0.55 
0.0 925 4 600 9 0.0075 4.1 X 104 1.2 X 10^ 1.50 
0.0 925 4 800 27 0.0050 - 4.0 X 10^ 0.15 
0.0 925 4 700 27 0.0024 
- 1.2 X 10^ 0.51 
0.0 925 4 600 27 0.0077 7.2 X 104 7.0 X 10% 5.90 
^Evaporated 0.25 x 10"^ m^ silver electrodes. 
^Capacitance and tan 6 measured at 10 khz. 
Pleasured by volt-ammeter with 0.001 ampere current. 
'^Measured direct by electrometer. 
Table 6. (Continued) 
Gadolinium Reduction Reoxidation 
addition Tempera- Tempera-
(mole Gd/ ture Time ture Time 
mole BaTiO^) (°C) (hours) (°C) (min.) 
0.0 1125 4 800 3 
0.0 1125 4 700 3 
0.0 1125 4 600 3 
0.0 1125 4 800 9 
0.0 1125 4 700 9 
0.0 1125 4 600 9 
0.0 1125 4 800 27 
0.0 1125 4 700 27 
0.0 1125 4 600 27 
C X 10-^ 
R^ Tan ô 
(f/m^) (dims) (olms) (%) 
0.0134 1.5 X 10^ 7.0 X 10^ 5.25 
0.0732 4.4 X 104 2.4 x 10^ 12.14 
0.2465 2.5 X 10^ 1.5 x 10^ 1.08 
0.0035 - 1.5 X 10^ 1.30 
0.0080 6.6 X 104 1.5 x 10^ 5.16 
0.0858 5.1 X 10^ 6.0 x 10^ 12.10 
0.0026 - 5.0 x 10^ 0.15 
0.0038 - 1.5 X 10^ 1.35 
0.0090 5.3 X 104 2.5 x 10^ 7.0 
Table 6. (Continued) 
Gadolinium Reduction Reoxidation 
addition Tempera- Terapera-
(mole Gd/ ture Time ture Time 
mole BaTiO^) (°C) (hours) (°C) (min.) 
0.010 1125 4 950 3 
0.010 1125 4 850 3 
0.010 1125 4 750 3 
0.010 1125 4 950 9 
0.010 1125 4 850 9 
0.010 1125 4 750 9 
0.010 1125 4 950 27 
0.010 1125 4 850 27 
0.010 1125 4 750 27 
C X 10-^ 
R^ R^ Tan 6 
(f/m^) (olims) (ohms) (%) 
0.5228 6.2 X 10^ 9.5 x 10^ 0.27 
0.4386 3.3 x 10^ 4.0 x 10^ 0.29 
0.5177 2.5 x 102 3.5 x 10^ 0.70 
0.4554 7.0 X 103 1.9 x lo'^ 0.68 
0.4644 4.5 X 10^ 2.4 x 10^ 0.20 
0.4519 2.0 X 10^ 7.5 x 10^ 0.38 
0.3833 9.0 X 10^ 5.1 x 10^ 1.18 
0.4582 3.8 X 10^ 4.5 x 10^ 1.60 
0.5540 4.1 X 10^ 1.4 x 10^ 
Table 6. (Continued) 
Gadolinium 
addition 
(mole Gd/ 
mole BaTiOg) 
Reduction 
Tempera­
ture 
C°c) 
T irae 
(hours) 
Reoxidation 
Tempera­
ture 
C°c) 
T ime 
(miu.) 
0.030 925 2 950 3 
0.030 925 2 850 3 
0.030 925 2 750 3 
0.030 925 2 950 9 
0.030 925 2 850 9 
0.030 925 2 750 9 
0.030 925 2 950 27 
0.030 925 2 850 27 
0.030 925 2 750 27 
C X 10^ 
Tan 6 
(f/m^) (olims) (ohms) (%) 
0.0526 1.6 X 10^ 
0.5560 4.5 X 10^ 
0.5052 1.7 X 10^ 
0 .0082  
0.0381 3.4 X 104 
0.6152 2.5 X 103 
0.0036 
0.0412 3.5 X 104 
0.5380 
1.4 X 10^ 1.32 
7.2 X 10^ 12.40 
2.6 X lo"^ 1.40 
6.5 X 10^ 0.88 
2.6 X 10^ 16.1 
3.8 X 104 6.2 
7.1 X 10^ 0.5 
3.9 X 10^ 1.95 
1.1 X 10^ 
Table 6. (Continued) 
Gadolinium "eduction Reoxidation 
addition Tempera- Teiupera-
(niole Gd/ ture Time ture Time 
mole HaTiOg) ("C) (hours) (°C) (min.) 
0.030 1125 4 950 3 
0.030 1125 4 850 3 
0.030 1125 4 750 3 
0.030 1125 4 950 9 
0.030 1125 4 850 9 
0.030 1125 4 750 9 
0.030 1125 4 950 27 
0.030 1125 4 850 27 
0.030 1125 4 750 27 
nb 
C X 10^ 
Tan Ô 
(f/m^) (oluiis) (dims) (%) 
0.6338 2.2 X 10^ 
0.6620 2.2 X lO") 
0.5348 2.8 X 10^ 
0.2155 
0.3984 
0.4200 4.2 X 10^ 
0.0838 
0.0420 
0.0650 5.2 X 10^ 
1.8 X 10^ 10.30 
3.5 X 10^ 12.70 
3.1 X 10^ 3.00 
3.8 X lO^ 0.90 
3.2 X 10% 0.86 
1.6 X 10^ 8.40 
5.3 X 10^ 10.10 
2.8 X 10^ 1.00 
1.7 X 10^ 7.20 
Table 6. (Continued) 
Gadolinium 
addition 
(mole Gd/ 
MOle BaTiO^) 
Reduction 
Tempera­
ture 
(°C) 
Time 
(hours) 
Reoxidation 
Tempera­
ture 
(°C) 
T ime 
(min.) 
0.060 
0.060 
0.060 
0.060 
0.060 
0.060 
0.060 
0.060 
0.060 
925 
925 
925 
925 
925 
925 
925 
925 
925 
2 
2 
2 
2 
2 
2 
2 
950 
850 
750 
950 
850 
750 
950 
850 
750 
3 
3 
9 
9 
9 
27 
2 7 
27 
C X 10^  
Tan 6 
(f/m^) (oluns) (ohms) (%) 
0.1033 2.2 X 104 
0.3240 2.2 X 10^ 
0.2964 2.8 X lO^ 
0.0031 
0.0030 
0.3222 4.2 % 103 
0.0165 
0.0046 
0.0174 5.2 X 103 
1,8 X 10^ 10.30 
3.5 X 104 12.70 
3.1 X 10^ 3.00 
3.8 X 10% 0.90 
3.2 X 108 0.86 
1.6 X 10% 8.40 
5.3 X 10^ 10.10 
2.8 X 10^ 1.00 
1.7 X 10^ 7.20 
Table 6. (Continued) 
G X 10^ 
R^ Tan ô 
(f/m^) (ohms) (ohms) (%) 
0.060 1125 4 950 3 0.0724 1.2 x 10^ 3.7 x 10^ 17.00 
0.060 1125 4 850 3 0.3890 4.4 x 10^ 9.0 x 10^ 6.70 
0.060 1125 4 750 3 0.3830 3.7 x 10^ 1.0 x 10^ 2.50 
0.060 1125 4 950 9 0.0283 3.8 x 10^ 9.1 x 10^ 12.50 
0.060 1125 4 850 9 0.2996 7.4 x 10^ 1.7 x 10^ 5.80 
0.060 1125 4 750 9 0.4880 4.4 x 10^ 8.7 x 10^ 3.20 
0.060 1125 4 950 27 0.0420 6.6 x 10^ 2.1 x 10^ 12.70 
0.060 1125 4 850 27 0.0372 2.0 x 10^ 4.7 x 10^ 14.50 
0.060 1125 4 750 27 0.1644 7.8 x 10^ 2.8 x 10^ 27.60 
„ , ,. . Reduction Reoxidation Gadoliniuju 
addition Tempera- Tempera-
(mole Gd/ ture Time ture Time 
mole BaTiOv) (°C) (hours) (°C) (min.) 
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The evaporated silver electrodes formed rectifying contacts with 
a voltage or current sensitive resistance as shown by the lower 
resistances measured by the volt-ammeter method compared to direct 
measurement with the electrometer. 
The barrier thickness as determined from capacitance measurements 
could represent an actual thickness of a surface barrier or an equivalent 
thickness of intergranular barriers. Only the 0.010 titanates having 
surface barriers were examined in detail so the actual barriers of 
the other titanates are not known. 
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ANALYSIS OF BARRIER CAPACITANCE 
Use of Barrier Models 
The capacitance-voltage relationship of the partially reoxidized 
0.010 gadolinium-doped titanates followed the behavior expected from 
the barrier capacitance models. The capacitance decreased with reverse 
bias and, when measured, increased with forward bias as shown in 
Tables 7 through 12. The barrier consisted of a rectifying silver 
contact on the reoxidized surface of the semiconducting titanates. 
The barrier capacitance was measured at 10 khz after replacing one 
of the two surface barriers with an ohmic indium-mercury contact. 
Schottky-type behavior was suggested by linear C"^ versus \ 
plots. The donor density N as derived for a Schottky-type barrier may 
be determined from the slope of the C"^ plots with 
N = - 4-04 . (18) 
(slope) 
Equation 18 was obtained from Equation 14 using a relative permittivity 
of 3500 for the titanate as determined with a nonreduced sample, a free 
space permittivity of 8.85 X 10"^^ farad/meter, and an electron charge 
of 1.6 X 10"^^ coulombs. 
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Table 7. Barrier capacitance at 10 khz for 0.010 gadolinium-doped 
barium titanate reoxidized in air at 950°C for 3 minutes^ 
Vb C X 10" C-2 X 10-6 C 
(f/m2)-3 Co 
0 0.873 1.505 1.000 
-0,1 0.855 1.602 0.980 
-0.2 0.843 1.668 0.966 
-0.3 0.834 1.724 0.956 
-0.4 0.829 1.753 0.950 
-0.5 0.822 1.802 0.942 
-0.6 0.812 1.807 0.930 
-0.7 0.804 1.920 0.922 
-0.8 0.797 1.977 0.913 
-0.9 0.788 2.039 0.904 
-1.0 0.780 2.108 0.894 
-1.2 0.760 2.279 0.871 
-1.4 0.743 2.439 0.852 
-1.6 0.731 2.560 0.837 
-1.8 0.714 2.744 0.818 
-2.0 0.698 2.939 0.800 
^Evaporated silver for rectifying contact and indium-mercury for 
ohmic contact. 
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Table 8. Barrier capacitance at 10 khz for 0.010 gadolinium-doped 
barium titanate reoxidized in air at 850°C for 3 minutes^ 
Vb C X 102 C-3 X 10-6 C 
(volts)  (f/m2) (f/m2)-3 Co 
+0.8 1.577 0.255 1.861 
+0.7 1.248 0.516 1.472 
+0.6 1.042 0.882 1.230 
+0.5 0.923 1.274 1.089 
+0.4 0.894 1.401 1.054 
+0.3 0.869 1.525 1.025 
+0.2 0.853 1.610 1.007 
+0.1 0.842 1.676 0.993 
0.0 (forward) 0.833 1.728 0.983 
0.0 (reverse) 0.848 1.643 1.000 
-0.1 0.836 1.710 0.986 
-0.2 0.829 1.754 0.978 
-0.3 0.820 1.811 0.967 
-0.4 0.812 1.865 0.958 
-0.5 0.804 1.926 0.949 
— 0.6 0.795 1.990 0.938 
-0.7 0.788 2.043 0.930 
1 o
 
CO
 
0.785 2.068 0.926 
-0.9 0.774 2.152 0.914 
-1.0 0.766 2.227 0.903 
-1.2 0.753 2.341 0.888 
-1.4 0.742 2.455 0.875 
-1.6 0.730 2.566 0.861 
00
 
0.717 2.715 0.845 
-2.0 0.709 2.803 0.836 
-2.2 0.699 2.937 0.824 
-2.4 0.696 2.961 0.822 
-2.6 0.689 3.061 0.813 
^Evaporated silver for rectifying contact and indium-mercury for 
ohmic contact. 
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Table 9. Barrier capacitance at 10 khz for 0.010 gadolinium-doped 
barium titanate reoxidized in air at 7S0°C for 3 minutes^ 
Vb C X 10^ [-3 X 10-G C 
(volts) Co 
+0.7 1.877 0.151 1.738 
+0.6 1.472 0.313 1.364 
+0.5 1.303 0.452 1.207 
+0.4 1.212 0.561 1.123 
+0.3 1.159 0.642 1.074 
+ 0.2 1.125 0.702 1.042 
+0.1 1.106 0.738 1.025 
0.0 1.080 0.767 1.000 
-0.1 1.059 0.841 0.981 
-0.2 1.044 0.878 0.967 
-0.3 1.028 0.921 0.952 
-0.4 1.016 0.955 0.941 
-0.5 1.005 0.985 0.931 
-0.6 0.987 1.039 0.915 
-0.7 0.970 1.096 0.898 
-0.9 0.963 1.118 0.892 
-1.0 0.949 1.168 0.880 
-1.2 0.925 1.264 0.857 
-1.4 0.906 1.346 0.839 
-1.6 0.889 1.424 0.824 
-1.8 0.870 1.521 0.806 
-2.0 0.854 1.605 0.791 
-2.2 0.840 1.689 0.778 
-2.4 0.827 1.768 0.766 
-2.6 0.815 1.843 0.755 
^Evaporated silver for rectifying contact and indium-mercury for 
ohmic contact. 
Table 10. Barrier capacitance at 10 khz for 0.010 gadolinium-doped 
barium titanate reoxidized in air at 950°C for 9 minutes^ 
J/b C X 10^ C"^x 10-6 C 
(volts) (f/nf) Co 
0.0 0.629 4.011 1.000 
-0.1 0.616 4.290 0.979 
-0.3 0.606 4.482 0.964 
-0.5 0.597 4.708 0.949 
-0.7 0.585 5.006 0.930 
-0.9 0.573 5.315 0.911 
-1.2 0.558 5.746 0.888 
-1.5 0.541 6.311 0.860 
-1.8 0.524 6.958 0.833 
-2.2 0.502 7.890 0.799 
-2.6 0.484 8.822 0.769 
-3.0 0.467 9.792 0.743 
-3.5 0.446 11.300 0.708 
1 O
 
0.426 12.890 0.678 
-5.0 0.390 16.810 0.621 
-6.0 0.366 20.410 0.581 
-7.2 0.368 20.100 0.585 
-8.1 0.397 15.960 0.632 
^Evaporated silver for rectifying contact and indium-mercury for 
ohmic contact. 
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Table 11. Barrier capacitance at 10 khz for 0.010 gadolinium-doped 
barium titanate reoxidized in air at 850°C for 9 minutes^ 
Vy C X 102 C-3 X 10-6 _c 
(volts) (f/m2)-3 C 
+0.9 0.927 1.255 1.161 
+0.7 0.831 1.746 1.040 
+0.5 0.812 1.865 1.017 
+0.3 0.799 1.965 1.000 
+0.1 0.789 2.034 0.988 
0.0 0.799 1.963 1.000 
-0.1 0.781 2.102 0.977 
-0.3 0.762 2.258 0.954 
-0.5 0.746 2.411 0.934 
-0.7 0.730 2.565 0.914 
-1.0 0.708 2.816 0.887 
-1.2 0.694 2.992 0.869 
-1.5 0.675 3.248 0.845 
-1.8 0.655 3.554 0.820 
-2.0 0.642 3.788 0.803 
-2.5 0.613 4.331 0.768 
-3.0 0.592 4.801 0.742 
-3.6 0.572 5.342 0.716 
^Evaporated silver for rectifying contact and indium-mercury for 
ohniic contact. 
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Table 12. Barrier capacitance at 10 khz for 0,010 gadolinium-doped 
barium titanate reoxidized in air at 750°C for 9 minutes^ 
Vb C X 102 C-2 X 10-6 _C_ 
(volts) (f/mZ) 
+0.6 1.157 0.645 1.097 
+0.4 1.104 0.743 1.046 
+0.2 1.071 0.814 1.015 
+0.1 1.055 0.852 1.000 
0.0 1.055 0.852 1.000 
-0.1 1.043 0.881 0.989 
-0.2 1.035 0.902 0.981 
-0.3 1.026 0.926 0.972 
-0.4 1.019 0.945 0.966 
-0.5 1.010 0.969 0.958 
-0.6 1.003 0.990 0.951 
-0.7 0.998 1.006 0.946 
-0.8 0.992 1.026 0.940 
-0.9 0.986 1.045 0.934 
-1.0 0.981 1.060 0.930 
-1.2 0.972 1.088 0.920 
-1.5 0.963 1.119 0.913 
^Evaporated silver for rectifying contact and indium-mercury for 
ohmic contact. 
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The experimentally determined slopes of the C~^ plots are given in 
Table 13 with the calculated donor densities for the reoxidized 
titanates. 
Table 13. The donor density of reoxidized 0.010 gadolinium-doped barium 
titanates determined from barrier capacitance 
Reoxidation 
Temperature Time Slope of 
(°C) (min) C-2 vs. Vb 
X 10-4 
950 3 -0.36 1.1 
850 3 -0.29 1.4 
750 3 -0.31 1.3 
950 9 -0.58 0.7 
850 9 -0.43 0.9 
750 9 -0.14 2.9 
N X 10-23 
(number/m^) 
The donor density was also calculated for a reduced 0.010 titanate 
having a resistivity of 5 X 10"^ ohm-meters with 
where p is the resistivity, q the electron charge, and u an assumed 
mobility of 10"^ m^/volt-sec. This mobility value was also used by 
Herczog (48) in his analysis of the barrier capacitance. 
The donor density was on the order of lO^G per m^ which is much 
higher than N determined from capacitance as shown in Table 13. The 
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difference in N may be attributed to a low donor density in the barrier 
region resulting from reoxidation. Oxygen diffusing into the titanate 
would trap electrons when locating on oxygen vacancies thus reducing 
the donor density. 
With the apparent role of diffusion playing an important part in 
forming the barrier the capacitance was re-examined as a linear graded 
model suitable for diffused barriers. 
Donor Gradient from Capacitance 
The barrier capacitance of the 0.010 gadolinium-doped titanates had 
a linear versus Vy relationship for low reverse voltages as shown 
in Figures 9 and 10. A diffusion potential Vj of 0.9 volts was determined 
from the intercept on the voltage axis as shown in Figure 9. The 
0.9 volt potential is slightly less than the 1.2 volt potential determined 
by Murakami (41) for an undoped barium titanate single crystal using an 
evaporated silver rectifying contact. 
From the slope of the C"^ versus plots the donor gradient a^ 
was calculated from 
a, = - (20) 
(slope) 
which was obtained from Equation 13 using a relative penriitivity of 5500. 
Figure 9. The barrier capacitance C~^ versus bias voltage Vy for the 
0.010 gadolinium-doped barium titanates reoxidized in air 
for 3 minutes at 950°, 850°, and 750°C 
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Figure 10. The barrier capacitance C~^ versus bias voltage Vy for the 
gadolinium-doped barium titanates reoxidized in air for 
9 minutes at 950°, 850°, and 750°C 
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The calculated donor gradient a^ and the slopes of C"^ versus Vj^ 
are given in Table 14 for the reoxidized 0.010 titanates. 
Table 14, The donor gradient ac determined from capacitance for reoxi­
dized 0.010 gadolinium-doped barium titanates 
Reoxidation 
Temperature 
cq 
Time 
(min) 
Slope of 
C-3 vs. Vb 
X 10-G 
a^ X 10"28 
(number/m^) 
950 3 -0.59 3.3 
850 3 -0.58 3.4 
750 5 -0.40 4.9 
950 9 -1.51 1.3 
850 9 -0.92 2.1 
750 9 -0.20 9.8 
The general behavior of the donor gradient a^ in Figure 11 agrees 
with that expected for a diffusion controlled process where higher 
temperatures and/or longer times would reduce the gradient. From 
resistance measurements a donor gradient was determined to allow 
comparison with a^.. As shown in Figure 12 a^ behaved similar to a^ 
for the various reoxidation temperatures and times. 
Figure 11. The donor gradient a^ determined from barrier capacitance 
measurements is shown for various reoxidation temperatures 
and times 
Figure 12. The donor gradient a^. determined from resistance measure­
ments is shown for various reoxidation temperatures and 
times 
69 
of 950 
(U 
£ 850 
<u 
a 
3 750 
X 
O 
<D œ 
Reoxidation Time 
O 3 minutes 
\ s ^ X 9 minutes 
\ 
\ 
\ 
\ 
\ 
\ 
1 1 1 1 1 1 1 1 1 
0 2 3 4 5 6 7 
Qc (Number/m'^) x 10"^® 
8 10 
o Reoxidation Time 
o_^ 
<U 
L_ 
950 9 \ \ 
O 3 minutes 
X 9 minutes 
o &_ 
<u 
a 
Ê 0) 
t-
c 
o 
o 
TJ 
850 
\ \ 
\ \ 
\ \ 
\ \ 
\ \ 
\ \ 
X \ \ \ 
\ \ \ \ 
\ \ 
\ \ 
\\ 
X O 
(U 
cr 
750 
\ \ 
0 ^  
1 1 1 I I L_ 
0 1.0 2.0 3.0 
0^ (Number/m'^) x 10"^® 
70 
Donor Gradient from Resistance 
The donor gradient a^ was indirectly determined from the resistance 
profile of the barrier. Following the capacitance measurements the 
0.010 titanates were lapped to mechanically remove the barriers and then 
reoxidized again under experimentally identical conditions to reform the 
surface barriers. After reoxidation one of the two surface barriers was 
removed by lapping and the thickness measured with a micrometer. The 
resistance was then measured by the volt-ammeter method with 1 milliampere 
current using ohmic indium-mercury contacts. The barrier was carefully 
lapped to remove a thin layer of the barrier and the thickness and 
resistance measured again. The alternate lapping and measuring procedure 
was repeated until the resistance tended to a constant low value. 
From these measurements the resistance profile was constructed as 
shown in Figure 13. A donor profile was then analytically constructed 
as shown for example in Figures 14 and 15, by assuming the barrier to 
consist of 2.5 micron thick slices each having a constant donor level and 
a resistance equal to the difference across the slice as determined from 
the resistance profile. This method is similar to that used by Hilbom 
(62) who measured a resistivity profile on sintered iron oxide compacts. 
From Equations 15 and 19 the number of carriers can be determined 
from 
N = — (21) 
UAqu 
where the terms are as described previously. Equation 21 can be rewritten 
for the number of carriers per each 2.5 micron slice as 
Figure 13. Resistance R versus distance 
X from the surface for 0.010 
gadoliniura-doped barium 
titanate reoxidized in air 
for 9 minutes at 950°C 
Figure 14. The donor concentration 
versus distance x from the 
surface for the 0.010 
gadolinium-doped barium 
titanate reoxidized in air 
for 9 minutes at 950°C 
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Figure 15. The donor concentration Nj, versus distance x from the surface for the 0.010 
gadolinium-doped barium titanates reoxidized at the designated temperatures and 
times 
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23 
(22) 
where L was taken as 2.5 X 10"^ m, A as 0.25 X 10"^ q as 1,6 X 10"^^ 
coulombs, u an assumed mobility (48) of 10"^ m^/volt-sec, and the 
resistance of the slice in olims. 
Using Equation 22 the donor profiles shown in Figures 14 and 15 
were constructed. The donor gradient a^ was determined from the slope 
of the line representing the change in donor or carrier density as a 
function of distance. The donor gradients, a^. determined from 
resistance and a^ determined from capacitance, are given in Table 15 
Table 15. Donor gradients a^. and a^, for 0.010 gadolinium-doped barium 
titanates reoxidized in air at the designated temperatures 
and times 
Reoxidation 
Temperature Time 
(°C) (min) 
-28 
(number/m^) 
aj. X 10 ac X 10-28 
(number/m^) 
950 
850 
750 
3 
3 
3 
1 . 0  
1.6 
3.3 
3.4 
4.9 
950 
850 
750 
9 
9 
9 
0 . 1  
0.8 
1 . 8  
1.3 
2 . 1  
9.8 
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The experimentally determined a^. and values are shown in 
Figure 16. A statistical correlation coefficient of 0.87 was determined 
for a,, and a^ using the least squares method available in texts such as 
Snedecor (63). The line in Figure 16 was determined by the least 
squares method. 
Figure 16. The donor gradient a^. determined from resistance versus donor gradient 
determined from barrier capacitance is shown for the 0.010 gadolinium-doped 
barium titanates 
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SUMMARY 
Preparation of Barrier Layer Capacitors 
Barrier layer capacitors were prepared by the partial reoxidation 
of reduced barium titanates with or without gadolinium additions. The 
gadolinium added by precipitating the oxalate in a barium titanate slurry 
greatly affected the sintering rate as well as the resistivity of the 
air fired samples. The sintering rate was reduced for firing tempera­
tures lower than 1480°C while additions of 0.008 or higher improved 
sintering at 1480°C. The gadolinium acted as a grain growth inhibitor 
to permit the titanates with the higher gadolinium additions to sinter 
to a dense body with an apparent porosity of less than 2 or 3 per cent. 
The grain size of an undoped titanate sintered at 1410°C was greater 
than 50 microns while that of an 0.010 titanate sintered at 1480°C was 
less than 10 microns. 
The air fired titanates having gadolinium additions formed con­
trolled valency semiconductors where the trivalent gadolinium is assumed 
to replace the divalent barium. These semiconductors had a resistivity 
minimum of about 1 ohm-meter for a narrow doping range of 0.002 to 0.004 
gadolinium. Reduced barium titanates having higher gadolinium additions 
had higher resistivities than reduced undoped titanates. 
The rate of reoxidation was reduced for titanates with gadolinium 
additions. The lowest reoxidation rate was observed for dense 0.010 
gadolinium-doped titanates which were reduced in hydrogen at 1125°C. 
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Lower reoxidation rates were observed for the titanates reduced at the 
higher reduction temperatures for all doping levels. The effect of 
porosity which could greatly affect the reoxidation process was not 
determined. However, the reoxidation rate should be lower for the 
dense titanates. 
With increasing reoxidation temperatures and/or times the barrier 
capacitance decreased and the resistance increased as expected for an 
increasing barrier thickness. The barrier was assumed to consist of a 
reoxidized region where oxygen diffusing into the reduced titanate 
occupied oxygen vacancies and in so doing reduced the available electrons 
in the region. The evaporated silver electrodes on the reoxidized 
barriers showed rectifying effects with respect to capacitance-voltage 
and current-voltage for thin barriers. 
Barrier Capacitance 
The barrier capacitance of partially reoxidized 0.010 gadolinium-
doped barium titanates was studied in detail. The high capacitance 
was attributed to thin surface barriers 2 to 5 microns thick. These 
barriers were formed on the dense titanates by reoxidizing in air for 
3 and 9 minutes at 950°, 850°, and 750°C. The capacitance-voltage 
relationship behaved as expected for a depletion-type capacitance with 
the capacitance decreasing with reverse bias and increasing with forward 
bias. 
The Schottky barrier model assuming a uniform and abrupt depletion 
region was not satisfactory in explaining the capacitance-voltage 
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relationship of the barrier. The modified linear model of Shockley 
which assumes a linear variation of donors as a function of distance 
from the surface proved more useful in analyzing the barrier capacitance. 
The donor level was assumed to increase from zero at the surface where 
the titanate was completely reoxidized to some value in the bulk of 
the semiconductor where a large number of oxygen vacancies were present. 
Using the Shockley graded model, the plot of versus Vy allowed a 
determination of the donor gradient a^ representing the slope of the 
donor density versus distance from the surface. A diffusion potential 
Vcl of 0.9 volts was also found from versus Vb. 
The assumption of a field independent relative permittivity was 
valid as only slight deviations from ideal barrier capacitance behavior 
were observed. 
A second reoxidation of the 0.010 titanates under experimentally 
identical conditions allowed the determination of the donor gradient a^ 
from resistance measurements. A donor profile was analytically con­
structed from the measured resistance profile of the barrier using a 
mobility of 10"^ ra^/volt-sec. a^ was determined from the slope of the 
donor profile as a function of distance from the surface. 
A statistical correlation coefficient of 0.87 was determined for 
the donor gradients a^ and a^ by the linear regression technique. The 
donor gradients determined either from capacitance or resistance 
behaved as expected for a diffusion process where the donor gradient 
decreases with increasing reoxidation temperature and/or time. 
82 
LITERATURE CITED 
1. Glaister, R. M. Barrier-layer dielectrics. The Institution of 
Electrical Engineers Proceedings 109, Part B, Supplement No. 
22: 423-431. 1961. 
2. Dubuisson, J. and Basseville, P. Surface re-oxidation phenomena 
in certain ceramics with a non-stoichiometric perovskite structure 
In Kriegelj W. W. and Palmour III, H., eds. Materials Science 
Research, Vol. 3, pp. 77-99. New York, N. Y., Plenum Press. 1966. 
3. Kanzig, W. Ferroelectrics and antiferroelectrics. In Seitz, F. 
and Tumbull, D., eds. Solid state physics. Vol. 4, pp. 1-197. 
New York, N. Y., Academic Press, Inc. 1957. 
4. McQuarrie, iM. Barium titanate and other ceramic ferroelectrics: 
I. Introduction. American Ceramic Society Bulletin 34: 169-
172. 1955. 
5. . Barium titanate and other ceramic ferroelectrics: II. 
Properties of barium titanate. American Ceramic Society Bulletin 
34: 225-230. 1955. 
6. . Barium titanate and other ceramic ferroelectrics: III. 
Related materials. American Ceramic Society Bulletin 34: 256-
260. 1955. 
7. . Barium titanate and other ceramic ferroelectrics: IV. 
Solid solutions of ferroelectrics. American Ceramic Society 
Bulletin 34: 295-298. 1955. 
8. . Barium titanate and other ceramic ferroelectrics: V. 
Theory. American Ceramic Society Bulletin 34: 328-331. 1955. 
9. Megaw, H. D. Ferroelectricity in crystals. London, England, 
iMethuen and Co., Ltd. 1957. 
10. Merz, W. J. Ferroelectricity. In Birks, J. B. and Hart, J., eds. 
Progress in dielectrics. Vol. 4. pp. 1010-149. New York, N. Y., 
Academic Press, Inc. 1962. 
11. Triebwasser, S. Ferroelectric materials. In Hausner, H. H., ed. 
Modem materials advances in development and applications. Vol. 3. 
pp. 343-400. New York, N. Y., Academic Press, Inc. 1962. 
12. von Hippel, A. Theory. In von Hippel, A., ed. Dielectric materials 
and applications, pp. 3-46. Published jointly by the Technology 
Press of M. I. T. and John Wiley and Sons, Inc., New York, N. Y. 
C1954. 
83 
13. Diamond, H. Variation of permittivity with electric fi^ld in 
perovskite-like ferroelectrics. Journal of Applied Physics 32: 
909-915. 1961. 
14. Stadelmaier, H. H. and Derbyshire, S, W. Variation of dielectric 
constant and spontaneous strain with density in polycrystalline 
barium titanate. In Kriegel, W. W. and Palraour III, H., eds. 
Materials science research. Vol. 3. pp. 101-110. New York, N. Y., 
Plenum Press. 1966. 
15. Anliker, M., Brugger, H. R., and Kanzig, W. Das verhalten von 
kolloidalen seignetteelektrika III, bariumtitanat BaTiOg. 
Helvetica Physica Acta 27: 99-124. 1954. 
16. Ilerczog, A. Microcrystalline BaTiO^ by crystallization from glass. 
American Ceramic Society Journal 47: 107-115. 1964. 
17. Harkulich, T. M., Magder, J., Vukasovich, M. S., and Lockhart, R. J. 
Ferroelectrics of ultrafine particle size: II. Grain growth 
inhibition studies. American Ceramic Society Journal 49: 295-299. 
1966. 
18. Clabough, W. S., Swiggard, B. M., and Gilchrist, R. Preparation 
of barium titanyl oxalate tetrahydrate for conversion to barium 
titanate of high purity^ Journal of Research National Bureau of 
Standards 56: 289-291. 1956. 
19. Gallagher, P. K., Schrey, F., and Dimarcello, F. V. Preparation of 
semiconducting titanates by chemical methods. American Ceramic 
Society Journal 46: 359-365. 1963. 
20. Kiss, K., Magder, J., Vukasovich, M. S., and Lockhart, R. J. 
Ferroelectrics of ultrafine particle size: I, Synthesis of 
titanate powders of ultrafine particle size. American Ceramic 
Society Journal 49: 291-295. 1966. 
21. Bratschun, W. R. Sintering of doped and undoped barium titanate. 
American Ceramic Society Journal 45: 611-612. 1962. 
22. Anderson, H. W. Initial sintering of BaTiOs compacts. American 
Ceramic Society Journal 48: 118-121. 1965. 
23. Hyatt, E. P., Long, S. A. and Rose, R. E. Sintering of high-purity 
BaTiOg. Unpublished paper presented at the Fall Meeting of the 
Electronics Division, the American Ceramic Society, Los Angeles, 
California, October 29, 1965. Abstract appears in American Ceramic 
Society Bulletin 44: 724. 1965. 
24. Jonker, G. H. Some aspects of semiconducting barium titanate. 
Solid-State Electronics 7: 895-903. 1964. 
84 
25. Saburi, 0, Properties of semiconductive barium titanate. Physical 
Society of Japan Journal 14: 1159-1174. 1959. 
26. Tennery, V. J. and Cook, R. L. Investigation of rare-earth doped 
barium titanate. American Ceramic Society Journal 44: 187-193. 
1961. 
27. Tekster-Proskuryakova, G. N. and Sheftel', I. T. Semiconducting 
barium and strontium titanates with positive temperature coefficients 
of resistivity. Soviet Physics-Solid State 5: 2542-2548. 1964. 
(In English). Translated from Fizika Tverdogo Tela 5: 3463-3472. 
1963. 
28. Andrich, E. and Mardtl, K. H. Investigations on BaTiO^ semiconductors. 
Philips Technical Review 26: 119-127. 1965. 
29. Saburi, 0. Semiconducting bodies in the family of barium titanates. 
American Ceramic Society Journal 44: 54-63. 1961. 
30. Suchet, J. P. Chemical physics of semiconductors. (Original in 
French). Translated into English by E. Heasell. London, England, 
D. Von Nostrand Co., Ltd. 1965. 
31. Verwey, E. J. W., Haaijman, P. W., Romeijn, F. C., and van Oosterhout, 
G. W. Controlled-valency semiconductors. Phillips Research 
Reports 5: 173-178. 1950. 
32. Weyl, W. A. and Terhune, N. A. Crystal chemistry applied to 
"foreign atoms" in titanate ceramics. Ceramic Age 62: 23-27 and 
40-41. 1953. 
33. Morin, F. J. Oxides of the 3d transition metals. In Hannary, N. B. 
Semiconductors, pp. 600-633. New York, N. Y., Reinhold Publishing 
Corporation. 1959. 
34. Ryan, F. M. and Subbarao, E. C. The Hall effect in semiconducting 
barium titanate. Applied Physics Letters 1: 69-71. 1962. 
35. Ikushima, H. and Hayakawa, S. Electrical properties of Ag-doped 
barium titanate ceramics. Japanese Journal of Applied Physics 4: 
328-336. 1965. 
36. Heywang, W. Resistivity anomaly in doped barium titanate, American 
Ceramic Society Journal 47: 484-490. 1964. 
37. MacChesney, J. B. and Potter, J. F. Factors and mechanisms affect­
ing the positive temperature coefficient of resistivity of barium 
titanate. American Ceramic Society Journal 48: 81-88. 1965. 
85 
38. Tien, T.-Y. and Carlson, W. G. Influence of oxygen partial pressure 
on properties of semiconducting barium titanate. American Ceramic 
Society Journal 46: 297-298. 1963. 
39. Ueda, I., and Ikegami, S. Oxidation phenomena in semiconducting 
BaTiOg. Physical Society of Japan Journal 20: 546-552. 1965. 
40. Hutson, A. R. Semiconducting properties of some oxides and sulfides. 
In Hannary, N. B. Semiconductors, pp. 541-599. New York, N. Y., 
Reinhold Publishing Corp. 1959. 
41. Murakami, T. The PTCR effect in BaTiO^ single crystals. Japanese 
Journal of Applied Physics 5: 450. 1966. 
42. Stirling, A. W., Hill, R. A., and Hellicar, N. J. The use of 
conducting ceramics in the preparation of layerized ceramic capaci­
tors having a large space factor. Electronic Components Conference 
Proceedings 1962: 77-81. 1962. 
43. Hill, R. A. and Stirling, A. W. A junction ceramic capacitor. 
The Institution of Electrical Engineers Proceedings 109, Part B, 
Supplement No. 22: 432-434. 1961. 
44. Nishioka, A., Sekikawa, K., and Owaki, M. Effect of Fe203 on the 
properties of barium titanate single crystals. Physical society of 
Japan Journal 11: 180-181. 1956. 
45. Sauer, H. A., and Flaschen, S. S. Choice of electrodes in study and 
use of ceramic semiconducting oxides. American Ceramic Society 
Bulletin 39: 304-306. 1960. 
46. Sussmann, R. and Em, V. Electrode effects on semiconducting 
titanate ceramics. American Ceramic Society Journal 48: 543-
544. 1965. 
47. Graham, C. R., Levialdi, A., et Waissmann, D. Properiétés 
électriques de certains condensateurs ferroélectriques. Physica 
Status Solidi 2: 580-584. 1962. 
48. Herczog, A. Electric space charge effects in microcrystalline 
BaTiOs. Paper presented at 68th Annual Meeting of the American 
Ceramic Society May 7-11, 1966, in Washington, D. C. Abstract 
appears in American Ceramic Society Bulletin 45: 407. 1966. 
49. English, F. and Gossick, B. Ti02 rectifying barriers. Solid-State 
Electronics 7: 193-204. 1964. 
50. Henisch, H. K. Rectifying semi-conducting contacts. London, 
England, Oxford at the Clarendon Press. 1957. 
86 
51. Shive, J. N. The properties, physics, and design of semiconductor 
devices. Princeton, N. J., D. Van Nostrand Co., Inc. 1959. 
52. Billig, E. and Landsberg, P. T. Characteristics of Compound 
barrier layer rectifiers. Physical Society of London Proceedings 
Section A 63: 101-111. 1950. 
53. Magill, P. J. Compound barriers in thin film Ti02 diodes. 
Proceedings of the Institute of Electrical and Electronics 
Engineers. 51: 223-224. 1963. 
54. Shockley, W. The theory of p-n junctions in semiconductors and 
p-n junction transistors. Bell System Technical Journal 28: 435-
489. 1949. 
55. Jonscher, A. K. Principles of semiconductor device operation. New 
York, N. Y., John Wiley and Sons, Inc. 1960. 
56. Moll, J. L. Physics of semiconductors. New York, N. Y., McGraw-
Hill Book Co., Inc. 1964. 
57. Aukerman, L. D., Kyser, D. F., and Millea, M. F. Capacitance-
voltage dependence of zinc-diffused GaAs p-n junctions. Solid-
State Electronics 8: 119-127. 1965. 
58. Kahng, D. and Wemple, S. H. Measurement of nonlinear polarization 
of KTa03 using Schottky diodes. Journal of Applied Physics 36: 
2925-2929. 1965. 
59. Peet, C. S. and Middleton, A. E. Analysis of reduced-TiÛ2-rectifier 
characteristics. Unpublished paper. Battelle Memorial Institute, 
Columbus, Ohio. 1952. 
60. Morrison, J. J., Stubbe, L. H., and Whitehurst, H. B. Ceramic 
rutile rectifiers. Solid-State Electronics 7: 189-191. 1964. 
61. Kahng, D. Conduction properties of the Au-n-type-Si Schottky 
barrier. Solid-State Electronics 6: 281-295. 1963. 
62. Hilbom, Jr., R. B. Maxwell-Wagner polarization in sintered 
compacts of ferric oxide. Journal of Applied Physics 36: 1553-
1557. 1965. 
63. Snedecor, G. W. Statistical methods. 5th ed. Rev. Ames, Iowa, 
Iowa State College Press. 1956. 
87 
ACKNOWLEDGMENTS 
The author would like to express his appreciation to Dr. Thomas 
D. McGee for his guidance and encouragement during the course of this 
research. Special thanks are also extended to Dr. Arthur V. Pohm 
for the discussions on barrier capacitance models. 
The support of the Engineering Research Institute of Iowa State 
University is acknowledged and gratefully appreciated. 
